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Archaea-speciﬁc D-family DNA polymerase forms a heterotetramer consisting of two large polymer-
ase subunits and two small exonuclease subunits. We analyzed the structure of the N-terminal 200
amino-acid regulatory region of the small subunit by NMR and revealed that the N-terminal 70
amino-acid region is folded. The structure consists of a four-a-helix bundle including a short paral-
lel b-sheet, which is similar to the N-terminal regions of the B subunits of human DNA polymerases a
and e, establishing evolutionary relationships among these archaeal and eukaryotic polymerases.
We observed monomer–dimer equilibrium of this domain, which may be related to holoenzyme
architecture and/or functional regulation.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Archaea-speciﬁc D-Family DNA polymerase (PolD) is originally
isolated from Euryarchaeota branch of archaea [1,2]. PolD of a
hyperthermophilic archaeon Pyrococcus horikoshii exists in a het-
erotetrameric form consisting of two small subunits DP1 and two
large subunits DP2 [3]. PolDs of other archaea commonly possess
these DP1 and DP2 subunits with a 30–50 exonuclease activity
and a polymerization activity, respectively. DP1, containing an
exonuclease region signiﬁcantly similar to the eukaryotic double-
strand break-repair protein Mre11, is thereby classiﬁed into
calcineulin-like phosphodiesterase superfamily [4,5]. This family
includes the small subunits (B subunits) of eukaryotic B-family
DNA polymerases, i.e., a, d, and e, which possess C-terminal regions
homologous to the PolD DP1 exonuclease, although they lack enzy-chemical Societies. Published by E
ferating cell nuclear antigen;
ki).
, A1-551 12-18, Kamiaoki 3,matic activity [1,4,5]. In contrast, no clear homology has been de-
tected in the N-terminal region [1,4,5]. Recently, the structure of
the N-terminal 70 amino-acid regions of the B subunits of human
DNA polymerase a and e were determined (PDB entries 2keb and
2v6z, respectively) [6], which showed similarity to the C-domains
of AAA+ ATPases that include clamp loader subunits [7]. Structure
of the B subunit of human polymerase d was also determined,
although such AAA+ ATPase-like structure is not included (PDB en-
try 3e0j) [8]. It was suggested that sequence similarities of the
superfamily members could be detected also in the N-terminal re-
gion, when polymerase d was excluded [8].
The N-terminal 200-amino-acid region of DP1 [DP1(1–200);
similar descriptions for fragments are used hereafter] of P. hori-
koshii PolD possesses roles in regulation of the exonuclease activ-
ity, maintenance of the holoenzyme structure, and interaction
with other factors. Namely, deletion of this region enhanced the
exonuclease and DNA-binding activities, while addition of the cor-
responding fragment to the polymerase consisting of the truncated
DP1 suppressed the elevated exonuclease activity [9]. Also, this re-
gion has been shown to tightly interact with the two separate re-
gions of the DP2 subunit, and to weakly associate with the
sliding clamp, proliferating cell nuclear antigen (PCNA) [10].lsevier B.V. All rights reserved.
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DP1(1–200) and determined an AAA+ ATPase-like structure for
the N-terminal 70 amino-acid region. Also, monomer–dimer
equilibrium was observed for this structured region. Functional
and evolutionary implications depicted from the current observa-
tions are described.2. Materials and methods
2.1. Sample preparation
The DNAs that code for DP1(1–200), DP1(1–139), and DP1(1–
72) were subcloned into pET15b vector (Novagen) by PCR, and
the proteins were expressed in Escherichia coli cells, essentially as
described previously [3]. For DP1(1–72), the 13C, 15N-labeled and
15N-labeled proteins were expressed by culture in a 3-(N-morpho-
lino)propanesulfonic acid (MOPS) minimal media [11] containing
0.5 g/L [15N]NH4Cl (Shoko Co., Ltd., Tokyo, Japan) and/or 2.5 g/L
[u-13C6]D-glucose (Chlorella Industry Co., Ltd., Tokyo, Japan). The
proteins were puriﬁed by a heat treatment at 75 C for 30 min
and centrifugation, followed by column chromatography using
Ni-NTA superﬂow (Qiagen), or a combination of HiTrap Q (GE
healthcare) and Superdex 200 (GE healthcare). The buffers used
were [50 mM NaPi (pH 8.0), 500 mM NaCl, and 10–250 mM imida-
zol] for Ni-NTA superﬂow, [50 mM Tris–HCl (pH 6.5) and 0–1 M
NaCl] for HiTrap Q and [50 mM Tris–HCl (pH 7.0) and 200 mM
NaCl] for Superdex 200. Protein concentration was determined
by A280 values and a molar absorption coefﬁcient calculated from
the amino-acid sequences, e.g., 4470 M1 cm1 for DP1(1–72) [12].
2.2. NMR measurements and resonance assignments
Proteins of 0.7–3.3 mM were dissolved in 50 mM sodium phos-
phate buffer (pH 5.5) containing 100 mM NaCl, 5 lM sodium 2,2-
dimethyl-2-silapentane-5-sulfonate, and 5% D2O. One-dimensional
1H NMR spectra of all the fragments and typical homonuclear and
heteronuclear multi-dimensional NMR spectra [13,14] of DP1(1–
72) were recorded on Bruker DMX-750 (750.03 MHz for 1H and
76.02 MHz for 15N) and DMX-500 (500.13 MHz for 1H,
125.76 MHz for 13C, and 50.68 MHz for 15N) spectrometers at 308
or 318 K. Measurement parameters and the method of spectral
analyses for the backbone and side chain resonance assignments
were essentially as described previously [15]. HSQC spectra of a
sample dissolved in 99.96% D2O (Isotec Inc.) after lyophilization
were recorded at 298 K, by which 36 hydrogen bond donors were
identiﬁed. By the HMQC-J experiment [16], 55 3JHNHa coupling val-
ues were obtained. By analyzing the NOESY, TOCSY, and DQF-COSY
spectra, 18, 1, and 2 pairs of Hb, valine Hc, and leucine Hd reso-
nances, respectively, were assigned stereospeciﬁcally. To evaluate
the effects of the protein concentration on the backbone chemical
shifts, HSQC spectra were recorded for proteins of 20–500 lM at
temperature of 293 or 318 K.
2.3. Determination of the three-dimensional structure of DP1(1–72)
The distance constraints derived from the NOESY spectra re-
corded at 0.7 mM protein concentration and those maintaining
hydrogen bonds were imposed as described [15].
The / angle constraints were classiﬁed into three categories,
120 ± 50, 65 ± 35, and 100 ± 70, corresponding to the
3JHNHa coupling values of >8.0 Hz, <7.0 Hz, and 7.0–8.0 Hz,
respectively. These were applied to the residues for which positive
/ angles were not observed in the structure ensemble obtained
by a trial calculationwithout the / angle constraints. For stereospe-
ciﬁcally assigned residues, v1 and v2 torsion angle constraints,classiﬁed into three categories, 60 ± 40, 180 ± 40, and 60 ±
40, were imposed.
Random simulated annealing [17] was carried out by using the
program CNS [18], essentially as described [15]. In addition to two
pairs of leucine Hd resonances with stereospeciﬁc assignments de-
scribed above, four more pairs were stereospeciﬁcally assigned by
considering the signiﬁcant NOE violations observed when alterna-
tively assigned. From 50 initial structures, 20 structures with no
distance violation larger than 0.2 Å, no torsion angle violation lar-
ger than 2, and the lowest total energies were selected as ﬁnal
structures. The co-ordinates of the determined structures and 1H,
13C, and 15N chemical shifts have been deposited to the Protein
Data Bank (PDB) and Biological Magnetic Resonance Data Bank
(BMRB) under accession IDs 2kxe and 16986, respectively.
2.4. Circular dichroism (CD) measurements
Proteins of 33 lM were dissolved in 50 mM sodium phosphate
buffer (pH 5.5) containing 100 mM NaCl. CD was recorded on a
JASCO J-820 spectropolarimeter equipped with a Peltier tempera-
ture control unit, using a 1-mm path-length cell. Spectra between
200 nm and 250 nm were obtained with a bandwidth of 1.0 nm, a
spectral resolution of 0.2 nm, a response time of 0.5 s, a scan speed
of 20 nmmin1, and three-scan averaging. Temperature depen-
dency of ellipticity at 220 nm was measured by a bandwidth of
1.0 nm, a data resolution of 0.2 C, a response time of 1.0 s, and
heating rate of 1.0 C min1.
2.5. Analytical ultracentrifugation
Sedimentation equilibrium analysis was carried out at 293 K by
Optima XL-I analytical ultracentrifuge (Beckman-Coulter) in a 4-
hole An60Ti rotor using double sector centerpieces and quartz win-
dows. The DP1(1–72) solutions with A280 of 0.2, 0.3, and 0.5, corre-
sponding to 45, 67, and 112 lM of a protein monomer, dissolved in
50 mM sodium phosphate buffer (pH 5.5) containing 100 mM
NaCl, were used. 110 lL of each sample was loaded on the device,
where the above buffer was used as a reference solution. Rotor
speeds were 24 000, 30 000, and 36 000 rpm. Apparent molecular
weight (Mw) was calculated by an equation:
Mw ¼ 2RT=ð1 VqÞ ð1=x2ÞdðlnCÞ=dr2;
where R, T, V, q, x, C, and r are gas constant, temperature, partial
speciﬁc volume, density of buffer, angular velocity, protein concen-
tration, and radius of the rotor, respectively. d(ln C)/dr2 was ob-
tained by linear least-square ﬁtting and the partial speciﬁc
volume, 0.753 cm3 g1, was calculated by the Sednterp program
[19].3. Results and discussion
3.1. Structural formation in the N-terminal region
We have initially intended to determine the structure of
DP1(1–200), for which signiﬁcant biochemical data have been
accumulated [9,10]. The fragment was successfully expressed
and puriﬁed, and appeared to contain a folded structure as judged
from a one-dimensional NMR spectrum (Fig. 1a), which contains
several peaks shifted from the random coil chemical shifts. How-
ever, the fragment also possesses a large portion of unstructured
region(s), as the spectrum showed overlapping peaks at random
coil chemical shifts, e.g., at 8.0–8.5 ppm (amide protons) and
1.0 ppm (methyl protons). Then, we prepared shorter fragments,
DP1(1–139) and DP1(1–72). As judged from the NMR spectra,
these fragments appear to share essentially the same folded struc-
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Fig. 1. Structure formation in the N-terminal region of PolD DP1. (a) Comparison of one-dimensional 1H NMR spectra of P. horikoshii PolD DP1 fragments. From top to bottom,
DP1(1–200), DP1(1–139), and DP1(1–72) are shown. The vertical scale of the downﬁeld region (left) is four times larger than that of the upﬁeld region (right). Some
characteristic upﬁeld- or downﬁeld-shifted peaks reﬂecting the structure formation were indicated by arrows, which were assigned to Leu34 HN (i), Ser33 HN + Ile49 HN (ii),
Phe57 Hd (iii), Phe57 He (iv), Ile15 Ha (v), Asp50 Ha (vi), Ile61 Hc2 (vii), Leu8 Hd (viii), and Leu37 Hd (ix) for DP1(1–72). Regions most sensitive to random-coil peptides (see
text) are shown by horizontal bars. Spectra were recorded at 308 K and at frequency of 750 MHz for DP1(1–200) and DP1(1–72) or 500 MHz for DP1(1–139). In the spectrum
at bottom, sharp peaks at 7.15 ppm and 8.36 ppm are originated from contaminant(s). (b) Sequence alignment of the N-terminal regions of PolD DP1s produced by the Clustal
X program [33]. Sequences of the proteins from P. horikoshii (Pho), Pyrococcus furiosus (Pfu), Thermococcus kodakaraensis (Tko), Methanothermobacter thermautotrophicus
(Mth), Thermoplasma acidophilum (Tac), and Methanococcus jannaschii (Mja) were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov), under entry codes of
O57863, P81412, BAD86091, O27456, Q9HLK5, and Q58113, respectively. All the sequences start from their N-termini. Numbers above the sequences are for P. horikoshii DP1,
while those of the last residues of the aligned sequences of the individual proteins are indicated beside the sequences. Aliphatic (Ile, Leu, Met, and Val), aromatic (His, Phe, Trp,
and Tyr) and Ala residues conserved in all the sequences are reversely shown in black boxes. Above the sequence regions of the helices and strands of the structure of P.
horikoshii DP1(1–72) are indicated, accompanied by a line indicating the region of the fragment. Below the sequence, similar residues are marked as produced by the Clustal X
program.
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DP1(1–200) in Fig. 1a remain. Although DP1(1–139) still appears
to possess largely unstructured region(s), DP1(1–72) does not.
Therefore, we concluded that the N-terminal 70 amino acids of
DP1(1–200) is structured whilst the C-terminal remainder is
unstructured, and determined the structure of DP1(1–72), as
follows.It is noticeable that aliphatic, aromatic, and Ala residues, which
are important in the structure formation, as described below, are
conserved mostly within the N-terminal 70 amino-acid region
(Fig. 1b), which is consistent with the above NMR observation.
However, a possibility can not be excluded that the apparently
unstructured region folds into ﬁxed structure when interacting
with other subunit or domains in the holoenzyme.
Fig. 2. Solution structure of P. horikoshii DP1(1–72). The ensemble of the selected
structures in stereo view (a), and ribbon diagram of the minimized mean structure
(b), where the orientation in (a) is the same as in the left panel of (b). The secondary
structure units are indicated in (b). These ﬁgures, presenting region of Met1–Asn65,
were produced by MOLMOL [30].
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The solution structure of the DP1(1–72) determined by multi-
dimensional NMR satisﬁes the experimental constraints, possesses
idealistic stereochemical properties, and shows a good conver-
gence (Table 1 and Fig. 2a). The revealed globular structure
contains a bundle of four a-helices (a1: Glu3–Lys10, a2: Pro17–
Asn28, a3: Leu34–Arg44, and a4: Asp51–Ile61), (Figs. 1b and
2b). In addition, a very short two-stranded parallel b-sheet (b1:
Leu14–Ile15, and b2: Ile48–Ile49) was identiﬁed in a region con-
necting the a-helices. This mostly helical structure is consistent
with the CD spectrum showing a double-minimal shape that is
characteristic of helical polypeptides (Fig. S1 in Supplementary
data) [20]. The four helices pack against one another in a parallel
or an anti-parallel manner, mainly through extensive hydrophobic
interactions and an electrostatic attraction (Fig. S2a). Many resi-
dues that contribute to hydrophobic packing of the helices, i.e.,
Phe4, Val5, Leu8, Tyr20, Leu23, Phe40, Ile53, Ala54, Phe57, and
Leu58, are conserved among archaeal PolD DP1s listed in Fig. 1b,
which indicates that the domains share a common structural archi-
tecture in this region.
A characteristic point regarding the structural core is that aro-
matic rings form an interaction network, namely, a linkage
Tyr20–Phe4–Phe27–Phe32–Phe57–Phe40 passing through the
structure (Fig. S2b). Among these six residues, ﬁve are located on
the a-helices and the other is located at the loop between a-helices
3 and 4, tightly connecting the helices. These aromatic residues are
conserved for PolD DP1s from three archaebacteria shown in
Fig. 1b, i.e., P. horikoshii, Pyrococcus furiosus, and Thermococcus
kodakaraensis (except for the position equivalent to Phe4 of P. hor-
ikoshii). Since these three are hyperthermophilic archaea possess-Table 1
Structural statistics.
Structural constraints
Sequential NOEs 395
Medium-range NOEs (2 6 |i  j| 6 4) 340
Long-range NOEs (|i  j| > 4) 434
Hydrogen bonds 72
Torsion (/) angles 47
Torsion (v1) angles 19
Torsion (v2) angles 2
Total 1309
Characteristics Ensemble of 20
structures
Minimized mean
structure
R.m.s. deviation from constraints
NOEs and hydrogen bonds
(Å)
0.0004 ± 0.0002 0.002
Torsion angles () 0.007 ± 0.006 0.000
van der Waals energy (kcal/
mol)a
3.0 ± 0.3 7.4
R.m.s. deviation from the ideal geometry
Bond lengths (Å) 0.0006 ± 0.0000 0.001
Bond angles () 0.285 ± 0.001 0.303
Improper angles () 0.089 ± 0.001 0.090
Average r.m.s. deviation from the unminimized mean structure (Å)b
N, Ca, C 0.32 ± 0.06
All heavy atoms 0.76 ± 0.06
Ramachandran plotc
Most favored region (%) 88.7 82.8
Additionally allowed region
(%)
11.3 17.2
Generously allowed region
(%)
0.0 0.0
Disallowed region (%) 0.0 0.0
a The repulsive non-bonded energy used in the CNS program [18].
b Values for Glu3–Ile61, as calculated by MOLMOL [30].
c Calculated for Asn2–Val65 by Procheck-NMR [32].ing optimal growth temperatures of 95–100 C [21–23], whilst
the other three in Fig. 1b possess signiﬁcantly lower optimal
growth temperatures of 59–85 C [24–26], this network is likely
to be important to ensure the extremely high stability of the pro-
tein to be functional at the growth temperature. Indeed, a CD mea-
surement revealed that the DP1(1–72) helical structure is stable
even at 98 C (Fig. S1).
3.3. Structural similarity to AAA+ ATPase C-domains
Searching the Protein Data Bank (PDB) by the DALI program
[27] identiﬁed structures similar to DP1(1–72) (Fig. 3a). Among
the top 20 similar structures possessing Z-scores of 6.9 or more,
12 are for d subunit of the clamp loader c complex of E. coli DNA
polymerase III (Z-scores 6.9–8.3) [28], and 6 are for domain II of
Thermotoga maritima RuvB protein and its variants (Z-scores 7.4–
7.9) [29]. These are classiﬁed into AAA+ ATPases, which are chaper-
onine-like ATPases associated with a variety of cellular activities
including DNA replication, recombination, proteolysis, and mem-
brane fusion [7], in which the C-domain is similar to DP1(1–72).
The other two are for the N-terminal domains of the B subunits
of human polymerases a and e (Z-scores 7.2 and 7.1, respectively),
the latter of which has already been reported to be similar to the
AAA+ ATPase C-domain [6].
As shown in Fig. 3a, the structures consist of four helices ar-
ranged very similarly to DP1 shown in Fig. 2. For polymerase e,
the short parallel b-sheet is identiﬁed at exactly the same position
as DP1(1–72) in the sequence alignment (Fig. 3b). The b-sheet in
this position is also described for d subunit of E. coli polymerase
III [28], although it was not identiﬁed by the MOLMOL program
[30] or PDB. Many aliphatic, aromatic, and Ala residues that con-
tribute to the formation of the structural core are conserved, which
is consistent with the keen structural similarity. It should be noted
that the eukaryotic polymerases a and e showed high sequence
identity of 21% and 12%, respectively, to DP1 in this region, in con-
trast to T. maritima RuvB and E. coli polymerase III showing identity
of 6% and 5%, respectively. Although sequence similarities among
Na
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Fig. 3. Proteins structurally related to DP1(1–72). (a) Structures similar to DP1(1–72) identiﬁed by DALI [27]. From left to right, the N-terminal domains of the B subunits of
human polymerases a (2keb) and e (1v6z), and domain II of T. maritma RuvB (1in4), and domain II of d subunit of E. coli DNA polymerase III (1jqj, chain C) are shown. The
structures are viewed from the same orientation as DP1(1–72) shown in Fig. 2b (left), as aligned by DALI. The ﬁgure was produced by MOLMOL [30]. (b) Sequences of P.
horikoshii DP1 and the above protein domains alignment by DALI. The order is according to the sequence identity to DP1. Numbers above the sequences are for DP1, while
those of the ﬁrst and last residues of the aligned sequences of the individual domains are indicated beside the sequences. Aliphatic (Ile, Leu, Met, and Val), aromatic (His, Phe,
Trp, and Tyr) and Ala residues conserved in all the sequences are reversely shown in black boxes.
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Fig. 4. Sedimentation equilibrium analysis of DP1(1–72) in absorbance range of
0.05–1.58 at 280 nm, corresponding to 11–350 lM of a protein monomer. A linear
data ﬁtting in the radius2 vs ln(A280) plot yielded an average molecular weight of
12.6 kDa, indicating equilibrium of the monomeric and dimeric states.
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eal polymerase from Methanothermobacter thermautotrophicus in
the N-terminal region were shown by pairwise sequence compar-
isons [8], the evolutionary relationship became now clear by the
present sequence alignment based on the structural comparisons.
It has been suggested that the B subunit of human polymerase d
lacks the N-terminal region similar to the above eukaryotic and
archaeal polymerases and that, instead, another subunit possesses
an equivalent domain, with a weak sequence similarity [8]. How-
ever, this domain possesses a winged helix-turn-helix structure
only partly similar to the structures of human polymerases a and
e, and P. horikoshii PolD. The suggested region with sequence sim-
ilarity contains three a-helices, although three-dimensional
arrangements of these are dissimilar between polymerase d and
others (not shown). Together with the prominent sequence simi-
larity in the C-terminal exonuclease-like region [1,4,5], it is now
evident that the DP1 subunit of archaeal polymerase and the B sub-
unit of eukaryotic polymerases a and e are evolutionary related,
although that of polymerase d is rather distinct.
It was recently reported that eukaryotic polymerase e and
related polymerases are likely to originate as chimera of archaeal
B-family and D-family polymerases, where only the C-terminal zinc
ﬁnger-like region of the DP2 subunit of PolD are incorporated into
the polymerase e catalytic subunit [31]. Of particular interest is
that P. horikoshii DP1(1–200), and also DP1(1–72), interacts with
a synthetic peptide corresponding to this zinc ﬁnger-like region,
DP2(1290–1310) [10, Ikuo Matsui, Yuji Urushibata, and Eriko
Matsui, unpublished results]. Therefore, together with the relation-
ship between the DP1 and B subunits, we suggest that the evolu-
tionary transformation from archaeal D-family to eukaryotic
B-family polymerases necessarily involves the interacting pair of
DP1 and the C-terminal region of DP2, in order to maintain the
holoenzyme structure at least partly.
In a similar context, it should be pointed out that DP1(1–200)
interacts with the sliding clamp, PCNA [10]. The structural similar-
ity between DP1(1–72) and AAA+ ATPases that include clamp loa-
der domains (the DALI program indeed identiﬁed a domain of an
archaeal clamp loader, replication factor C (PDB entry 2chg), withZ-factor of 5.9) may be ascribed to a functional requirement
regarding interaction between the clamp and clamp loader.
3.4. Monomer–dimer equilibrium
Analytical ultracentrifugation was performed in order to deter-
mine the oligomeric state of DP1(1–72) in solution. Sedimentation
equilibrium data in the concentration range of 11–350 lM as a
monomeric protein showed a slightly curved distribution in a ra-
dius2 vs ln(A280) plot, yielding an average molecular weight of
12.6 kDa (Fig. 4). Considering the theoretical molecular weights
of 8.5 and 17.1 kDa for the monomeric and dimeric states, respec-
tively, DP1(1–72) exists in equilibrium of the two states in this
concentration range.
K. Yamasaki et al. / FEBS Letters 584 (2010) 3370–3375 3375We performed most of NMR measurements at the milimolar
concentration range, in order to ensure the peak intensity.
Although the dimeric state should be dominant, structure of a
monomer was calculated, as described above. Structure of a dimer
was indeed calculated by treating all the NOEs except for sequen-
tial NOEs as ambiguous ones with regard to intermolecular or
intramolecular NOEs, by which all the acceptable structures con-
sisted of two separate monomers (data not shown). This indicates
that all the collected NOEs are intramolecular ones and that inter-
molecular NOEs are not observed, presumably because of the dy-
namic equilibrium between the two states.
To elucidate the region involved in the monomer–dimer transi-
tion, chemical-shift perturbations upon the dilution were analyzed
(Fig. S3), which revealed that region centered at loop 12 is most
likely to be involved in the dimerization. On the surface close to
this region, there is a hydrophobic patch of the surface consisting
of Leu14, Phe47, and Ile48 (Fig. S2c), and that one side of this patch
is positively charged, by Lys6 and Lys10, while the other side is
negatively charged, by Asp50, Asp51, etc. Thus, we suggest that
these regions compose the dimerization interface, contacting
through hydrophobic interactions as well as electrostatic attrac-
tions. However, the dimerization mode is not necessarily ﬁxed
and is likely to be rather dynamic.
To form the holoenzyme architecture of 2:2 heterotetramer,
heterodimeric and homodimeric interactions between the sub-
units and/or domains should be made. It has been shown that
DP1(1–200) interacts with DP2(792–1163) and DP2(1290–1310)
[10]. The homodimeric interaction of DP1(1–72) observed in this
study expands knowledge regarding the domain topology of the
holoenzyme. It should be noted, however, that the dimer formation
of this region is labile and that this region is connected to the C-ter-
minal larger portion with a long apparently unstructured peptide
of 130–140 amino acids. Since DP1(1–200) was shown to interact
with PCNA [10], we suggests a possibility that the dimer-monomer
equilibrium may be affected by interaction with such accessory
components, and presumably possesses a function like a sensor.
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